ZnO is an attractive material for applications to ultraviolet optoelectronic devices owing to its wide band gap of 3.37 eV and a large exciton binding energy of 60 meV at room temperature.
1 ZnO crystallizes in wurtzite structure and naturally has crystal polarity along the c axis: Zn polar and O polar. Chemical, optical, and electrical properties of ZnO are dependent on crystal polarity. [2] [3] [4] [5] It has been reported that the efficiency for impurity doping in GaN ͑Ref. 6͒ and ZnO ͑Ref. 7͒ depends on crystal polarity. Polarity dependent doping will be important to achieve reliable p-type ZnO. Crystal polarity is one of the important factors for designing electronic and optoelectronic devices. 8, 9 To date, only a few methods have been reported on the control of crystal polarity of ZnO films on c sapphire. 10, 11 Selective growth of Zn-and O-polar ZnO layers were achieved on c sapphire by using thickness-controlled MgO buffer. 10 Ultrathin AlN buffer layers, which were formed by nitridation of the surface of c sapphire, were used to control the crystal polarity of ZnO layers grown on c sapphire. 11 We mention, however, that special precaution is needed to prepare the MgO and AlN buffers, which play a crucial role in the selective growth of Zn-polar and O-polar ZnO layers on c sapphire. This letter will report on an easy and reliable method for selective growth of polarity-controlled ZnO films on ͑0001͒ Al 2 O 3 substrates by plasma-assisted molecular-beam epitaxy. Cr-compound intermediate layers are used to control the crystal polarity of ZnO films on ͑0001͒ Al 2 O 3 . ZnO films grown on rocksalt structure CrN/͑0001͒ Al 2 O 3 shows Zn polarity, while those grown on rhombohedral Cr 2 O 3 / ͑0001͒ Al 2 O 3 shows O polarity. Possible interface atomic arrangements for both heterostructures will be proposed.
CrN films were grown on c sapphire at 700°C with metal Cr and ammonia as sources of Cr and N, respectively. Cr 2 O 3 layers were formed through oxidation of CrN / c sapphire by exposing oxygen plasma at 650°C for 10 min. The formation processes of Cr 2 O 3 on CrN layers were monitored by in situ reflection high-energy electron diffraction ͑RHEED͒. ZnO films were grown at 700°C with a Zn beam flux of 1.6 A / s, oxygen flow rate at 1 SCCM ͑denotes cubic centimeter per minute at STP͒, and an rf power of 300 W. In order to prevent oxidation of the surface of CrN layer, 12 Zn beam was exposed onto the CrN at 400°C prior to ZnO growth.
The crystal structure and phase identification of each layer were investigated by the high-resolution transmission electron microscopy ͑HRTEM͒. The crystal polarity of ZnO layers was determined based on differences in etching rate and growth rate between Zn-polar ZnO and O-polar ZnO. For etching-rate measurements, chemical wet etching was carried out using 0.01 M hydrochloric acid solution at room temperature. Changes in the surface morphology of ZnO by wet etching were also assessed by atomic force microscopy ͑AFM͒. is no additional oxide interfacial layer between the ZnO and CrN, which means that the oxidation of the CrN layer was protected by the Zn preexposure before the growth of the ZnO. 12 From the TEM study, we have determined the epitaxial relationship between the ZnO, CrN, and Al 2 O 3 as ZnO͑0001͒ ʈ CrN͑111͒ ʈ Al 2 O 3 ͑0001͒ and ZnO͓2−1 Therefore, we have concluded that the top CrN layer was oxidized and changed to a Cr 2 O 3 layer, which was expected from a change in RHEED pattern during oxidation. 13 From the TEM and RHEED evolutions, the epitaxial relationship between the layers is determined to be as follows: ZnO͑0001͒ ʈ Cr 2 O 3 ͑0001͒ ʈ CrN͑111͒ ʈ Al 2 O 3 ͑0001͒ and ZnO͓2−1−10͔ ʈ Cr 2 O 3 ͓10− 10͔ ʈ CrN͓01− 1͔ ʈ Al 2 O 3 ͓10 −10͔. In addition, we have measured x-ray diffraction ͑XRD͒ -2 and ⌽ scans ͑not shown here͒. The XRD -2 diffraction curve showed only the ͑0002͒ peak of ZnO indicating that the plane parallel to the interface is only ͑0002͒. In case of the XRD ⌽ scan of ZnO ͑10− 11͒ planes, six peaks regularly spaced by 60°were observed, which indicates that there are no rotational domains.
Let us discuss the crystal polarity of the two kinds of ZnO films shown in Figs. 1 and 2 . The polarity of ZnO films was determined by investigating differences in wet etching and growth rate. The difference in etching rate for opposite polar faces has been explained in terms of surface bonding model for A II -B VI .
14 The surface Zn layer has a positive charge, while the layer of surface O atoms has a negative charge with the two dangling electrons due to the electron transfer from Zn to O atoms. 15 The dangling electrons on O-polar surfaces account for a high etching rate, owing to their susceptibility to reaction with electron-seeking agents, than those on Zn-polar surfaces. 15 Hence, both wurtzitestructure III-nitrides [16] [17] [18] in terms of the difference in the sticking coefficient of Zn atoms onto growing surfaces, since the growth of ZnO films is mostly limited by the sticking of Zn atoms rather than that of O atoms under O-rich growth conditions. 22 Each oxygen atom on a Zn-polar surface has three dangling bonds, while each O atom has only one dangling bond on an O-polar surface. Hence, the sticking coefficient of Zn atoms onto an O-terminated surface of Zn-polar ZnO is larger than that onto an O-polar ZnO, which results in a higher growth rate for Zn-polar ZnO films than that for O-polar ZnO films. 22 In our samples, the typical growth rate of ZnO films grown on CrN was 7.5 nm/ min, while those grown on Cr 2 O 3 / CrN showed a growth rate of 4.9 nm/ min under the same growth conditions. The growth rate of ZnO films grown on CrN layer is 1.5 times higher than that of ZnO films grown on Cr 2 O 3 / CrN layer. Hence, we can conclude that ZnO films grown on CrN are Zn polar, while those grown on Cr 2 O 3 / CrN are O polar. This conclusion is consistent with the etching studies described above.
Figures 4͑a͒ and 4͑b͒ show schematics of the atomic arrangements of ZnO on CrN and Cr 2 O 3 , respectively. The CrN surface is mostly N terminated because the CrN growth was conducted under N-rich growth conditions. In the initial growth of ZnO on CrN, we have employed Zn preexposure to prevent oxidation of the CrN, as mentioned before. Therefore, we expect N-Zn bondings at the interface. Since the topmost N atoms in rocksalt CrN have three dangling bonds, each Zn atom bonded with N atoms has only one dangling bond along the growth direction. O atoms bonding to Zn atoms have three dangling bonds. As a result, ZnO films grown on CrN layer shows Zn polarity, as shown in Fig. 4͑a͒ . When Cr 2 O 3 is formed by the exposure of oxygen plasma, the topmost surface is likely to be an O-terminated surface based on the reported surface phase diagram. 23 Zn atoms at the interface will occupy octahedral sites bonding to three underlying oxygen atoms in the oxygen layer of Cr 2 O 3 and will simultaneously occupy tetrahedral sites of ZnO as in the case of AlN formation on O-terminated ͑0001͒ Al 2 O 3 by nitridation. 24 Therefore, every oxygen atom at the surface has one dangling bond along the c direction, which results in O-polar ZnO layers.
Finally, in order to demonstrate the crucial role of Cr 2 O 3 intermediate layer in determining the polarity of ZnO grown on Al 2 O 3 structure, we have checked the polarity of a ZnO film grown on Cr 2 O 3 without underlying CrN layer. 25 ZnO films grown on the Cr 2 O 3 showed the same growth rate as that of the ZnO film in Fig. 2, which 
